A new synthetic drug, benzamide riboside (BR) exhibited strong oncolytic activity against leukemic cells in the 5 ± 10 mM range. Higher BR-concentrations (20 mM) predominantly induced necrosis which correlated with DNA strand breaks and subsequent depletion of ATP-and dATP levels. Replenishment of the ATP pool by addition of adenosine prevented necrosis and favoured apoptosis. This effect was not a pecularity of BR-treatment, but was reproduced with high concentrations of all trans-retinoic acid (120 mM) and cyanide (20 mM). Glucose was also capable to suppress necrosis and to favour apoptosis of HL-60 cells, which had been treated with necrotic doses of BR and cyanide. Apoptosis eliminates unwanted cells without affecting the microenvironment, whereas necrosis causes severe inflammation of surrounding tissues due to spillage of cell fluids into the peri-cellular space. Thus, the monitoring and maintenance of cellular energy pools during therapeutic drug treatment may help to minimize nonspecific side effects and to improve attempted drug effects.
Introduction
Benzamide riboside (BR) is a C-nucleoside 1 that has recently been characterised as an inosine 5'-monophosphate dehydrogenase (IMPDH)-inhibitor. 2, 3 This enzyme catalyses the conversion of IMP to xanthosine 5'-monophosphate (XMP) and is the rate limiting enzyme in de novo guanylate biosynthesis. 4 The activity of this enzyme is significantly increased in tumour cells and therefore considered to be a potential target for cancer chemotherapy.
5 Tiazofurin (TR), which is metabolized in a similar manner to that of BR, was found to inhibit the growth of human myelogenous leukaemia K562 6 and human promyelocytic leukaemia HL-60 cells. 7 TR is an inhibitor of IMPDH 8 and Phase I/II clinical trials conducted with this compound in acute myelogenous leukaemia patients, indicated a significant reduction in leukaemic cell burden.
9 ± 11 BR, exhibited stronger antiproliferative activity in the K562 cells than TR 12 and was shown to induce apoptosis in HL-60 13 and N.1 ovarian carcinoma cells. 13, 14 Higher BR-concentrations however, provoked necrosis, which is a common phenomenon of pro-apoptotic drugs 15 ± 17 and limits chemotherapy because of non-specific drug toxicity. Overdosing results in necrosis and spilling of intracellular fluids into the peri-cellular space, leading to inflammatory responses with wide ranging destructions of surrounding tissues. Therefore it is of prime interest to develop strategies to suppress necrosis and favour apoptosis. Interestingly, both cell death modes, apoptosis and necrosis, were discussed to partly share similar early pathways. 17 ± 19 It was postulated that BR exerts its anti-tumour effects due to IMPDH inhibition. 2, 12 Therefore dGTP and other dNTP levels were analyzed and correlated with cell death modes. The necrotic trigger of high BR-concentrations was identified as DNA-clastogenic activity, which subsequently led to ATP depletion. It is likely that ATP levels are the key factor deciding the death modes, because apoptosis is energy-(ATP-) dependent, whereas necrosis is not. Here we describe a new strategy to reduce non-specific toxicity by drug-overload, by artificially keeping ATP levels high and to specifically promote apoptosis and prevent necrosis.
Results

The BR concentrations determines the type of cell death
Treatment of HL-60 cells with increasing doses of BR induced cell death which was analyzed by Trypan blue staining (data not shown). 20 To further discriminate the type of cell death, the integrity of poly(ADP-ribose) polymerase [PARP] and gelsolin was examined by Western blotting (Figure 1 ). PARP and Gelsolin become signature-specifically fragmented by Caspase 3 upon induction of apoptosis. Addition of 0.5 mM, 1 mM, or 2 mM BR neither induced cell death nor gelsolin cleavage, whereas concentrations of 5 mM or 10 mM BR caused apoptosis which was evidenced by degradation of gelsolin into a 41 kD fragment 21 and of PARP into a 89 kD fragment (Figure 1a,b) . Further increase of the BR-concentrations to 20 mM led to an increase of the fraction of necrotic cells and reduced the fraction of apoptotic cells, which was also reflected by the lack of PARP and gelsolin fragmentation.
HL-60 cells treated with 5 mM BR or 20 mM BR for 24 h exhibited typical apoptotic or necrotic morphologies, respectively, which was examined by electron microscopy ( Figure 2 ). The untreated control cell ( Figure 2a 
Measurement of dNTP-and ATP-levels
The dNTP levels were determined after 16 h treatment. At this time point cells were still viable and membranes intact, preventing nonspecific loss of dNTPs. Table 1 shows that 5 mM BR and 20 mM BR repressed dGTP levels to similar extent (approximately 53% of control). The cellular dGTP concentrations did not correlate with induction of apoptosis or necrosis by 5 mM BR and 20 mM BR respectively, after 16, 24 or 48 h of treatment (compare with Figure 3a ). Whereas dCTP (89% of control) ± and dATP (81% of control) ± levels were in the range of control when cells were treated with 5 mM BR, exposure to 20 mM BR caused a drop in dCTP and dATP levels to 37 and 33%, respectively. It was assumed that ATP level is a determinant of cell death modes.
15,23 ± 25 Hence, we determined the ATP levels in HL-60 cells (Figure 3b ) after treatment with 5 mM BR (which causes apoptosis) and after exposure to 20 mM BR (which mainly causes necrosis) (Figure 3a) . In case ATP determines the type of cell death, then it has to be a regulatory parameter before cell death (apoptosis and/or necrosis) occurs. Therefore, the intracellular ATP pools were examined after 16 h of treatment (Figure 3b ), when the cell membranes were still intact and no non-specific loss of nucleotides took place. Treatment with a membrane permeable ATP-precursor, adenosine, was expected to replenish the intracellular pools of ATP and to inhibit necrosis. In fact, addition of 800 mM adenosine rescued the ATP levels in 20 mM BR treated cells to 31% of the control value, whereas a dramatic ATP drop to 2.7% of control was seen, when cells were exposed to 20 mM BR only ( Figure  3b ). In the adenosine-treated cells necrosis was indeed inhibited (Figure 3a) . Figure 3c shows HOPI double-stained viable cells, early and late apoptotic cells and necrotic HL-60 cells, which were exposed to 5 mM and 20 mM BR, with or without adenosine (panel A). For reasons of comparison, panel B depicts necrotic HL-60 cells which underwent heat shock treatment (558C) for increasing times and panel C demonstrates the lack of PARP cleavage after heat shock (Figure 3c ). Re-directing necrosis to apoptosis was also reflected by Caspase 3 cleavage to its active form in presence of 800 mM adenosine in HL-60 cells which were treated with 20 mM BR (Figure 3d ). Whereas Caspase 3 activation culminated (p20 kD fragment) after exposure to 5 mM and 10 mM BR after 24 h, activation was inhibited after exposure to 20 mM or 40 mM BR. In contrast, more of the activated Caspase 3-fragment was detected after 20 mM and 40 mM BR-treatment in presence of 800 mM adenosine. Lower adenosine levels had no effect probably due to limits in cellular uptake or due to specific degradation by adenosine deaminase.
ATP-, dATP-, and dCTP-levels correlate with apoptosis
To elucidate, whether a direct correlation exists between nucleotide pools and death modes, ATP, dATP and dCTP levels were plotted in combination with the corresponding apoptosis-and necrosis-rates. For improved comprehension we summarised in Table 2 the ATP-, dATP-, dCTP-levels and death data and graphically compared the inter-relationships of total cell deaths, the apoptotic-and the necrotic subtypes with nucleotide levels from differently treated cells. It can be seen in Figure 4a , b and c that ATP-, dATP-, and dCTP levels directly correlate with apoptosis rates and inversely with the necrosis rates, when cell death was induced by BR (not however in non-induced cells such as control or adenosine control; not shown in Figure 4a ± c). There was no correlation of ATP or dATP levels with total cell deaths (apoptosis+ necrosis; not shown).
Apoptosis is an energy dependent process, because to maintain membrane integrity ATP is required. Since adenosine restored the ATP pool and prevented necrosis also glucose was anticipated to prevent necrosis 18,25 ± 27 and to determine death modes. In fact 100 mM glucose nearly completely inhibited necrosis of HL-60 cells induced by treatment with 20 mM BR and instead favoured apoptosis, which was determined by HOPI double-staining. 13, 22, 28 In these experiments spontaneous cell death of controls exhibited an apoptosis : necrosis-ratio A : N=3.6 : 1. 20 mM BR resulted in a ratio A : N=1 : 3.4, which was converted by the addition of glucose to a ratio A : N=7.8 : 1.
Adenosine prevents ATRA-and KCN-triggered necrosis in favour of apoptosis
To examine, whether prevention of necrosis by energy donors was a peculiarity of BR-induced cell death, or it represents a more general mechanism, HL-60 cells were treated with alltrans retinoic acid (ATRA) and potassium cyanide (KCN). ATRA is used clinically to treat acute promyeloic leukaemia. 29 KCN blocks the respiratory chain and prevents ATP generation. 30 ± 32 Exposure of the cells to 120 mM ATRA for 48 h resulted in 30% apoptotic and 45% necrotic cells (apoptosis : necrosis ratio A : N=1 : 1.5) ( Figure 5 ). Addition of 100 mM glucose repressed both apoptosis and necrosis (A : N=1 : 1.2). Also 800 mM adenosine repressed both types of cell death, but in this case the apoptosis rate was increased (A : N=1.8 : 1). The effect of glucose and adenosine on KCNinduced cell death was even more dramatic: 20 mM KCN alone caused 32% apoptosis and 41% necrosis after 48 h of treatment (A : N=1 : 1.3) in HL-60 cells. Addition of 100 mM glucose did not suppress KCN-induced cell death, as in the case with ATRA, and inverted the death ratio in favour of 61% apoptosis (A : N=1.7 : 1). 800 mM adenosine substantially suppressed necrosis and increased the apoptosis rate to 43% (A : N=9.1 : 1) ( Figure 5 ).
Necrotic BR-concentrations induce DNA double-strand breaks DNA integrity was measured in individual cells with the single cell gel electrophoresis (comet) assay. The analyses were performed at time points (8 and 16 h of treatment with BR), when the cell membranes were still intact and before apoptotic or necrotic markers were observed, but when ATP-and dNTP-pools were already affected. The results of comet assays performed at neutral pH (7.5) showed that 20 mM BR, but not 5 mM BR, induced DNA double-strand breaks within 8 h of treatment. These breaks were efficiently repaired after 16 h (Figure 6a ). Additional comet-analyses at alkaline pH (13.0) demonstrated also that DNA single-strand breaks occurred after incubation with 20 mM BR, but not with 5 mM BR treatment. These lesions were substantially, but not completely repaired after 16 h (Figure 6b ). The ATP level after 16 h of treatment with 20 mM BR (3% control) seemed to be insufficient for the repair of the remaining DNA singlestrand breaks, and this might have resulted in necrosis. These results also suggest that 5 mM BR-induced apoptosis Table 2 ). Whereas the percentage of necrotic cells (51% after treatment with 20 mM BR) correlated with cells with a 425 mm DNA tail length (50%) ( Table 2 , Figure 6b ). The inclusion of adenosine promoted DNA repair of a subset of 20 mM BR-treated cells after 16 h. However, in 26% of the 20 mM BR-damaged cells DNA-single-strand breaks also accumulated after 16 h when co-treated with adenosine, because DNA tail lengths increased (100 ± 140 mm) (Figure 6b ). The combined percentages (68%; viable+apoptotic) of 20 mM BR+adeno-sine treated cells did not correlate with the percentage of cells with a DNA tail length 525 mm (45%) (Table 2, Figure  6b ). This demonstrates that adenosine allowed *23% of the cells, which still had substantially damaged DNA and that were otherwise prone for necrosis (DNA tail length 425 mm, 587 mm), to undergo apoptosis.
3-amino benzamide (3-AB) represses necrosis
Since 20 mM BR dramatically depleted the ATP pool to 3% of control we speculated that this might have been due to DNA strand break-dependent activation of poly(ADP-ribose)polymerase (PARP). PARP consumes NAD and in consequence also affects the ATP pool. 33, 34 Moreover, PARP activity was shown to provoke necrosis 23, 35, 36 and in PARP(7/7) mice upon cerebral ischemia reperfusion necrotic cell death did not occur. 37 3-AB is a potent inhibitor of PARP, and in fact, we found that 20 mM BR-induced necrosis was inhibited in presence of 2 mM 3-AB (Figure 7) . This supports the assumption that PARP-activation might provoke BR-induced necrosis due to energy depletion, which is prevented by PARP-inhibition.
Discussion
It is a well known phenomenon that cytotoxic drugs, which can induce apoptosis, promote necrosis when administered at higher concentrations. 15 ± 17,38 Several reports suggest that apoptosis and necrosis share, in part, similar (early) pathways of induction. 17 ± 19,39 Also p53 might determine whether a death pathway can be completed by apoptosis or whether mutated p53 allows only for a necrotic fate at equitoxic concentrations.
It was suggested that the intracellular ATP level determines whether a cell dies in an apoptotic or necrotic mode.
15,23 ± 25 Therefore, we investigated ATP levels in benzamide riboside (BR)-treated HL-60 cells, which apoptosed after 5 mM treatments, whereas they underwent necrosis at 20 mM BR treatment. BR is a new synthetic Cnucleoside, 1 which inhibits IMPDH, the rate limiting enzyme of de novo guanylate biosynthesis. IMPDH is frequently overexpressed in cancer cells and therefore, considered a target for anti-tumour therapy. It was previously demonstrated that BR exhibits strong anti neoplastic activity in a panel of human tumour cell lines 3 and was most effective in leukaemia cells by inducing apoptosis. 13, 14, 40 The oncolytic activity of BR 3 was assumed to be due to its IMPDH-inhibitory and, therefore, dGTP-limiting action. 2, 12 This hypothesis was strongly encouraged by the observation, that guanosine, a precursor of dGTP, prevented the oncolytic activity of BR. 12, 41 Our findings show, that 5 mM BR induced apoptosis, whereas 20 mM BR provoked necrosis, although both concentrations of BR inhibited dGTP synthesis to a similar degree. dGTP levels were comparably affected by adenosine, which only marginally interfered with cell survival (see Table 2 ). Therefore, it seems unlikely that dGTP depletion alone accounted for the cell death mechanism elicited by BR. BR-mediated limitation of dGTP a b
Cell Death and Differentiation Energy pool determines cell death modes M Grusch et al The percentages of ATP, dATP and dCTP levels and the DNA tail length of HL-60 cells after 16 h of BR+adenosine treatment, and the percentages of viable, apoptotic and necrotic cells following treatment for 48 h with BR+adenosine, were measured. Viable cells displayed nuclei homogeneously stained with Hoechst and excluded PI. Apoptotic cells showed chromatin condensation and nuclear fragmentation. At least 200 cells were counted from each sample Figure 3 Induction of cell deaths modes by BR. (a) Cells were treated with saline (Co), 800 mM adenosine (Co+A), 5 mM BR (+adenosine), 20 mM BR (+adenosine) for 8, 16, 24 and 48 h. Then cells were harvested and stained with HO/PI, applied on glass slides, allowed to settle to the surface and then cells were counted under a microscope using a DAPI filter and cell death was determined.``e apopt'': early apoptotic cells;``l apopt'': late apoptotic cells;``necro'': necrotic cells. Statistical analysis by t-test confirmed that the differences between apoptosis-and necrosis-rates after treatment with BR (+adenosine) for 48 h were significant (P50.05). (b) Cells were treated with saline (Co), adenosine (A), 5 mM and 20 mM BR (+adenosine) for 16 h, which was a time point at which cellular membranes were still intact to avoid leaking. Then cells were harvested and the intracellular ATP content was measured as described in`Methods'. Statistical analysis by t-test confirmed that the differences between ATP-levels after treatment with BR (+adenosine) were significant (P50.05). (c) Micrographs of HL-60 cells stained with Hoechst 33258 (HO) and propidium iodide (PI) after treatment with saline, 5 mM BR, 20 mM BR, and 20 mM BR+800 mM adenosine (panel A) for 48 h (1st, 2nd, 3rd and 4th slides, from left to right, respectively). Panel B shows HL-60 cells which were exposed to 558C heat shock for increasing times. The nuclei of viable cells stain blue (the cytoplasm remains invisible). In an early phase of apoptosis condensed chromatin is visible as small round bodies which usually stain more intense blue with HO. Late apoptotic cells exhibit similar chromatin condensation but the colour shifts to pink due to PI intrusion through leaky membranes as a consequence of apoptosis progression. Upon 20 mM BR treatment, or in response to heat shock, increasing numbers of cells show a pink colour but lack apoptotic (condensed) chromatin (necrotic cells). Panel C: HL-60 cells were exposed to heat shock treatment (558C) for 1, 3 and 5 h and PARP expression and degradation was monitored by Western blotting. There is no apoptosis specific cleavage of PARP into the 89 kD product detectable. (d) Processing of Caspase 3 into the activated p20 poly-peptide. HL-60 cells were treated with saline (control) or increasing doses of BR+800 mM adenosine. 5 mM and 10 mM BR, which induce mainly apoptosis, trigger processing of caspase 3. 20 mM and 40 mM BR mainly provokes necrosis and this is also reflected by the reduced levels of activated caspase 3. In presence of adenosine also 20 mM and 40 mM BR activate caspase 3 and induce apoptosis. Equal sample loading was controlled by Ponceau S staining
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Energy pool determines cell death modes M Grusch et al levels might result in less dGTP-mediated feedback stimulation of ADP reduction by ribonucleotide reductase (RR). This in consequence decreases dADP levels and subsequently reduces dATP levels, which in fact was observed during treatment with BR. In turn, reduced dATPmediated feedback inhibition of UDP-reduction by RR causes high dUDP and dUMP levels and this might be the reason for the observed increase in dTTP levels following BR treatment, because dUMP is the substrate for thymidylate synthase. Whereas there was no dose response correlation between ATP-and dATP-levels to total cell death, there was a direct correlation of these nucleotide pools to apoptosis and an indirect correlation to necrosis. Thus, ATP and/or dATP levels seem to determine cell death modes as it was previously suggested by others. 15, 24, 25, 39, 42 In earlier investigations it was demonstrated that BR suppressed survival pathways, induced apoptosis-relevant genes 13, 14 and activated Caspase 8 but not Caspase 9 (Polgar et al., submitted). However, only low doses of BR (5 and 10 mM), but not high doses (20 mM and more) induced apoptosis by a pathway that culminated in Caspase 3 activation. At high BR-concentrations the majority of cell death was by necrosis presumably due to massive DNA damage. DNA double-strand breaks became rapidly repaired but a substantial amount of single-strand breaks and/or alkali-labile sites remained non-repaired. Surprisingly adenosine enabled a substantial number of the 20 mM BR-treated cells, which contained massive DNA damage (23%), to escape necrosis and to undergo an apoptotic pathway (Table 2; Figure 6b ). This percentage would correspond to cells with a DNA tail length between 425 mm and 587 mm.
DNA repair processes consume energy, particularly PARP, which is an enzyme involved in DNA repair and that becomes activated in response to DNA strand breaks. 43, 44 PARP consumes NAD as a substrate 45 and finally the cell depletes its ATP in an attempt to replenish its NAD pool. 23, 33, 34, 44, 46 Thus, it is likely, that the necrotic Figure 4 Correlation of nucleoside levels with cell death modes. HL-60 cells were treated with 5 mM BR (5), 20 mM BR (20) , +adenosine (+A), for 16 h, which was a time point when membranes were still intact and at which cell death modes are already determined, to measure ATP-(a), dATP-(b), and dCTP-levels (c), and for 48 h to analyze cell death modes. These graphs demonstrate, that ATP, dATP, and dCTP levels correlate directly with the percentages of apoptotic cells, whereas ATP, dATP and dCTP levels correlate indirectly with the percentages of necrotic cells Figure 5 Modulations of cell deaths by adenosine and glucose. HL-60 cells were treated with saline (Co), 100 mM glucose (G), 800 mM adenosine (A), 120 mM all-trans retinoic acid (ATRA), 20 mM potassium cyanide (KCN) and combinations of ATRA or KCN with glucose and adenosine for 48 h. Then the type of cell death was determined by HOPI double-staining. Statistical analysis by t-test confirmed that the differences between apoptosis-and necrosis-rates versus respective controls were significant (P50.05) damage arising from high BR concentrations are a consequence of DNA strand breaks and subsequent loss of ATP, which would have been required for an orchestrated apoptotic programme. Since maintenance of ATP by adenosine or supplementation with glucose, which is the major energy source of a cell, could prevent necrosis and favoured apoptosis, therefore, ATP and possibly also dATP are determinants of cell death modes. This investigation supports the assumption, that energy donors can promote apoptosis and repress necrosis when cell death is induced by various cytotoxic and therapeutic agents.
Materials and Methods
Chemicals BR was synthesized as described earlier.
1 Polyclonal Caspase 3 antibody was purchased from Research Diagnostics (Flanders, NJ, USA), adenosine, glucose, 3-amino benzamide (3-AB), all trans retinoic acid (ATRA) and cyanide (KCN) were from Sigma (St. Louis, MO, USA).
Cell culture
The HL-60 human acute promyelocytic leukaemia cell line was from ATCC (Rockville, MD, USA). Cells were grown in RPMI 1640 medium (Gibco, Grand Island, NY, USA) with 10% heat inactivated FCS (Boehringer Mannheim GmbH, Mannheim, Germany) and 2 mM LGlutamine (Gibco, Gaithersburg, MD, USA) in humidified atmosphere with 5% CO 2 at 378C.
Hoechst 33258 propidium iodide (HOPI) double-staining
Hoechst 33258 (HO; Sigma) and propidium iodide (PI; Sigma) were added directly to the culture medium to final concentrations of 5 mg/ml and 2 mg/ml, respectively. After an incubation period of 1 h at 378C, the cells were examined under a Zeiss Axiovert 35 fluorescence microscope with DAPI filters. Cells were photographed on Kodak Ektachrome P1600 film (Eastman Kodak Company, Rochester, NY, USA) and viable, apoptotic, and necrotic cells were counted manually. The Hoechst dye stains the nuclei of all cells and therefore allows to monitor nuclear changes associated with apoptosis, such as chromatin condensation and nuclear fragmentation (Figure 3c) . PI, on the other hand, is excluded from viable and early apoptotic cells, consequently PI uptake indicates loss of membrane integrity characteristic of necrotic and late apoptotic cells. In combination with fluorescence microscopy, the selective uptake of the two dyes allows the monitoring of the induction of apoptosis in intact cultures and to distinguish it from non-apoptotic cell death (necrosis). Necrosis is characterised in this system by nuclear PI uptake without chromatin condensation or nuclear fragmentation.
Electron microscopy
For transmission electron microscopy (TEM) cells treated with PBS (controls), 5 or 20 mM BR for 24 h were fixed with 2.5% glutaraldehyde (in 0.1 M sodium cacodylate buffer with 4% sucrose, pH 7.2) for 45 min, washed in sodium cacodylate buffer and post-fixed in 2% osmium tetroxide (in 0.1 M sodium cacodylate buffer with 4% sucrose) for 45 min. Following several washes, the cells were concentrated by centrifugation at 150 g for 5 min, dehydrated in a graded series of ethanol, washed in propylene oxide, embedded in Epon (Serva, Germany) and sectioned at about 70 nm. The ultra-thin sections were stained with uranyl acetate/lead citrate for observation with a Zeiss EM 902 transmission electron microscope.
ATP assay
ATP content was measured with the ATP bioluminescence assay kit HS II from Boehringer Mannheim (Roche Molecular Biochemicals, Mannheim, Germany). Cells were treated with adenosine and BR for 16 h, subsequently their viability was measured by Trypan blue exclusion. There were 510% dead cells in each sample. 2.5 million cells were pelleted for each measurement and resuspended in 50 ml dilution buffer. Equal amount of cell lysis reagent was then added and after an incubation period of 5 min at room temperature the samples were transferred to microtiter plates. Luciferase reagent (100 ml) was added and the signal was detected immediately on a Lumi Imager F1 (Roche). Experiments were done in triplicates and the values of treated samples calculated as per cent of untreated controls.
Western blots
Cells from treated and untreated cultures were sedimented, washed in cold PBS, and lysed in SDS sample buffer (25 mM TRIS pH 6.8, 3% SDS, 10% glycerol, 36 mM DTT, 0.925 mM EDTA). Equal amounts of protein (calculated with the Dot Metric Protein Assay Kit from Novus Molecular, San Diego, CA, USA) were loaded onto 10 or 15% polyacrylamide gels. Proteins were electrophoresed at 80 V for 2 ± 3 h and then transblotted onto PVDF membranes (Hybond P, Amersham International, UK) at 80 V for 2 h. 47 Membranes were quenched in PBS with 0.5% skim milk and 0.05% Tween 20 for 1 h, incubated with primary antibodies (mouse monoclonal anti PARP C-2-10 used 1 : 2000, mouse monoclonal anti gelosin used 1 : 2000, Sigma; rabbit polyclonal anti caspase 3 antibody used 1 : 1000, Research Diagnostics) overnight at 48C and with horse radish peroxidase conjugated secondary antibody for 2 h at room temperature. The ECL Kit (Amersham International, UK) was used for blot development, chemiluminescence was detected on Kodak Xomat UV films.
Deoxyribonucleotide extraction and measurement dNTPs were extracted as described previously 48 with trichloroacetic acid (TCA) 10% final concentration) followed by neutralization by trioctylamine and 1,1,2-trichlorotrifluoroethane (1 : 4) mixture. The TCA extract was dried using a Speedvac drying system at room temperature and, if necessary, stored at 7208C until analysis. The assay for dNTP, which is based on the original DNA-polymerase assay, 49 was optimized by the use of 96-well plates 50 and tailor-made oligonucleotides, 51, 52 and was performed as previously described for dCTP. 48 After reconstitution of the samples in HEPES-buffered assay buffer (pH 7.3) at 10 7 cells/ml, samples and standards (0, 1, 2.5 and 5 pmol dNTP) were added to diethylaminoethyl (DEAE) filter plates (Millipore, Ettenleur, The Netherlands). This was followed by addition of demi water (up to 30 ml) and 70 ml of a reaction mix, consisting of 10 ml [8- 3 H]dATP (25 mM; 1.6 Ci/mmol; 0.04 mCi/ml) for detection of dCTP, dTTP and dGTP and 10 ml [CH 3 -3 H]dTTP (25 mM, 1.6 Ci/mmol, 0.04 mCi/ml) for dATP detection, 5 ml appropriate oligonucleotide (6 mM, consisting of a primer attached to one of four possible templates specially designed for the detection of one of the four dNTPs), 5 ml Klenow DNA pol I and 50 ml assay buffer. The filterplates were gently vortexed and incubated at room temperature for 2 h. The wells were washed, the wet filters punched out and radioactivity counted as described. 48 
Comet assay and statistical analysis
Neutral and alkaline single cell gel electrophoresis (SCGE) assays were carried out following the protocol described by Singh et al. 53 To measure DNA double-strand breaks electrophoresis was carried out under neutral conditions at pH 7.5, 54 to analyze single-strand breaks the electrophoresis was carried out under alkaline conditions at pH 13.0. 55 HL-60 cells were treated with BR and adenosine for 16 h, then the viability of the cells was determined with Trypan blue. All cultures which were used for Comet analysis had a viability of 490%. Pellets obtained upon centrifugation were mixed with 100 ml low melting agarose (0.5%, 378C) and spread on agarose coated slides according to Klaude et al. 56 Subsequently, the slides were exposed to lysis buffer 53 and transferred to neutral and alkaline electrophoresis buffer respectively for 40 min to allow unwinding of DNA. Thereafter, electrophoresis was carried out for 40 min (300 mA, 25 V) at pH 7.5 and 13.0 respectively. Finally the slides were stained with ethidium bromide and evaluated under a fluorescence microscope (Nikon Model: 027012) with an automated image analysis system. 57 For each experimental point, three cultures were evaluated and from each culture the tail lengths of 50 cells were determined. Statistically significant (P50.05) differences were determined with one way ANOVA. 57 
